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trehalose (the circulating form of glucose in Drosophila). Thus, foxo mutants showed a significantly 23 greater decrease in both glycogen and trehalose in hypoxia compared to control animals (Figure 2E , F).
25
Finally, we investigated expression of lactate dehydrogenase (ldh) -a key glycolytic enzyme -in w 1118 26 and foxo Δ 94 adult females. We saw that control animals increased their ldh mRNA when exposed to 27 hypoxia as has been reported before (Lavista-Llanos et al., 2002; Li et al., 2013) and which is 28 consistent with an upregulation of glycolysis. In contrast, foxo mutant animals had increased ldh levels 29 in normoxia, and this expression increased significantly further in hypoxia ( Figure 2G ). Taken together, 30 these data indicated that foxo mutants show deregulated control over normal glucose metabolism in 31 hypoxia -they show overproduction of ldh and they exhibit a larger depletion of both stored and 32 circulating glucose in hypoxia compared to control animals.
Hypoxia induces FOXO by inhibiting PI3K/Akt signalling. 6 We next examined how hypoxia induces FOXO. The best-studied cellular response to hypoxia involves 1 induction of the HIF1α transcription factor (called sima in Drosophila). HIF1α induces expression of 2 metabolic and regulatory genes required for hypoxia adaptation, and in both Drosophila and C elegans, 3 HIF1α is required for organismal tolerance to low oxygen (Centanin et al., 2005; Jiang et al., 2001) . 4 However, we found that FOXO was still relocalized to the nucleus in fat body cells from sima mutant 5 larvae exposed to hypoxia ( Fig 3A) . This suggests that induction of FOXO is independent of the classic 6 HIF1α response. One main way that FOXO can be regulated is via the conserved insulin/PI3K/Akt pathway (Webb and 9 Brunet, 2014). This is best seen in response to nutrient availability in Drosophila. In rich nutrients, 10 insulin signalling to Akt kinase is high and Akt can phosphorylate FOXO, leading its cytoplasmic 11 retention. However, during starvation, insulin/Akt signalling is low, thus reducing phosphorylation of 12 FOXO and allowing it to relocalize to the nucleus to induce transcription. We investigated whether 13 decreased Akt activation was involved in FOXO induction during hypoxia exposure. Akt is activated by 14 phosphorylation at two sites: threonine-342 and serine-505. We measured the relative amounts of Akt 15 phosphorylated at each site after exposure to hypoxia using phospho-specific antibodies. We saw that 16 when third instar larvae were exposed to hypoxia there was a reduction in phosphorylation of Akt at 17 both sites ( Figure 3B , C). To determine if suppression of Akt signalling was mediating the induction of 18 FOXO, we used the flp-out technique to induce mosaic expression of the catalytic subunit of PI3K, 19 dp110, to maintain Akt activity in fat body cells. We found that during hypoxia, expression of dp110 was 20 sufficient to prevent FOXO nuclear relocalization ( Figure 3D ). Taken together, these data show that 21 FOXO induction is mediated by hypoxia-induced suppression of Akt signalling.
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FOXO induces Relish-dependent hypoxia survival.
24
In Drosophila, FOXO maintains tissue and organismal homeostasis in response to various stresses, 25 including starvation, oxidative stress, irradiation, and infection. In each case, FOXO functions by 26 regulating diverse and often distinct target genes. We surveyed potential FOXO targets that might be 27 important for hypoxia tolerance and we identified a role for the NF-κB transcription factor relish. responses (Buchon et al., 2014) . We found that when exposed to hypoxia, adult Drosophila showed an 33 increase in relish as reported previously (Bandarra et al., 2014; Liu et al., 2006) , but not dorsal or dif, 34 mRNA levels ( Figure 4A -C). Furthermore, we found that this hypoxia-induced increase in relish was 35 blocked in both foxo mutant adults ( Figure 4D ) and larvae ( Figure S3 ). Finally, we found that hypoxia 7 could induce strong expression of Relish-regulated antimicrobial peptides in both adults (Figure E, F) 1 and larvae ( Figure S3 ) and that this was also blocked in foxo mutants. These data suggest that in 2 hypoxia, FOXO can induce an immune-like response via upregulation of Relish. To test whether this 3 immune-like response was important for hypoxia survival, we examined hypoxia survival in two 4 independent relish null mutants, rel E38 and rel E20 (Hedengren et al., 1999) . We found that both rel E38 and 5 rel E20 adult flies showed a significant decrease in viability after hypoxia exposure ( Figure 4G , H).
6
Together, these data point to FOXO activation as a meditator of hypoxia tolerance via induction of an 7 immune-like response through the NFκB-like transcription factor relish. In this paper, we report that FOXO is a hypoxia-inducible factor required for organismal survival in low (Mendenhall et al., 2006; Menuz et al., 2009; Scott et al., 2002) . Moreover, the regulates metabolic responses and cell death (Bakker et al., 2007; Jensen et al., 2011) . Thus, the 20 induction of FOXO is likely to be a conserved mechanism of hypoxia tolerance in animals.
22
A central finding of our work is that one way that FOXO provides protection in low oxygen is through 23 induction of an immune-like response. In Drosophila, there are two main immune effector pathways that 24 respond to pathogen infection and that work through induction of NF-κB transcription factors -the IMD 25 pathway which targets the NF-κB homolog, Relish, and the Toll pathway which works via the Dorsal 26 and Dif NF-κB transcription factors (Buchon et al., 2014) . We found that hypoxia specifically induced 27 Relish via FOXO, and that this response was required for hypoxia tolerance. These data, together with 28 previous work showing hypoxia induction of Relish (Bandarra et al., 2014; Liu et al., 2006) , suggest that 29 induction of an immune-like response may be a protective mechanism in low oxygen in Drosophila. In , 2017) . Our findings suggest that tolerance to hypoxia may share some of these immune functions.
35
In Drosophila, this interplay between hypoxia and innate immune responses may reflect the natural ecology of flies. In the wild, Drosophila grow on rotting, fermenting food, an environment rich in 1 microorganisms, including pathogenic bacteria. In these anaerobic conditions, low ambient oxygen may 2 'prime' animals to deal with subsequent pathogenic bacterial encounters. Hence, one speculative idea 3 is that experimental exposure of Drosophila to hypoxia may induce Relish and provide protection 4 against the detrimental effects of subsequent pathogenic infection. This concept of hypoxia 5 preconditioning has been observed in C elegans where it is important in protecting against cell death 6 and damage induced by pore-forming toxins (Bellier et al., 2009; Dasgupta et al., 2007) . Drosophila may operate in mammalian cells too.
21
One key way that cells, tissues and organisms adapt to low oxygen is by altering their glucose 22 metabolism in order to maintain homeostasis (Nakazawa et al., 2016; Xie and Simon, 2017) . Our data 23 suggest that one reason that foxo mutants may show reduced hypoxia tolerance is that they have 24 deregulated control over glucose metabolism. Thus, we saw that foxo mutant animals had low levels of 25 glucose in normoxia and that both stored and circulating forms of glucose were significantly decreased 26 under hypoxia compared to controls. These results suggest FOXO is needed for either 27 gluconeogenesis during stress, as has been reported in C elegans (Hibshman et al., 2017) , or for 28 proper control of glycolysis. Indeed, we saw that expression of ldh is markedly increased in foxo 29 mutants. Ldh is a rate-limiting enzyme involved in conversion of pyruvate to lactate, which is a key 30 metabolic event that can drive increased glycolysis, and ldh levels have been shown to increase in 31 larvae upon hypoxia exposure (Li et al., 2013) . Thus, one possibility is that foxo mutant animals may 32 engage in abnormally high levels of glycolysis leading to depletion of glucose and reduced hypoxia 1 Karpac et al., 2013; Molaei et al., 2019; Wang et al., 2011; Zhao and Karpac, 2017) . These effects have 2 been shown to be important for FOXO to extend lifespan and to promote increased tolerance to stress. shown that an important way that NF-κB works to mediate these effects is through the control of 11 glycolysis and mitochondrial metabolic activity (Mauro et al., 2011; Tornatore et al., 2012) . Indeed, links 12 between immunity and metabolism are emerging as important components of infection tolerance in 13 animals (Ayres and Schneider, 2012). Our data suggest the possibility that organisms may also co-opt 14 some of these immune-metabolism interactions to tolerate low oxygen. experiments Drosophila vials were placed into a Coy Laboratory Products in vitro O 2 chamber that was 32 maintained at fixed oxygen levels of 1% or 5% by injection of nitrogen gas.
Immunofluorescence staining 1 for 30 minutes, washed in 1x PBS/0.1% TritonX-100 (PBST), and blocked for 2 hours at room 2 temperature in 1x PBS/0.1%Tween20/1% bovine serum albumin. Larvae were then incubated overnight 3 with primary antibody diluted in PAT at 4°C, washed 3 times with 1x PBS with 3% TritonX-100 (PBT) 4 and 2% fetal bovine serum (FBS), and incubated with secondary antibody diluted 1∶4000 in PBT with 5 FBS for 2 hours at room temperature. Larvae were washed with PBT and stained with 1:10000 Hoechst 6 dye for 5 minutes, then washed 3 times more with PBT. Larval tissues were isolated using fine forceps 7 and then mounted on glass slides with cover slips using Vectashield mounting media (Vector 8 Laboratories Inc., CA). The rabbit anti-FOXO antibody was used at 1:500 dilution (a gift from Marc 9 Tatar). Alexa Fluor 568 (Invitrogen) was used as the secondary antibody. Hoechst 33342 (Invitrogen) 10 was used to stain nuclei. Larvae: newly hatched larvae were placed in food vials (50 larvae per vial) and then maintained in either 3 normoxia or hypoxia (5% oxygen). Larvae exposed to hypoxia were maintained in this environment until 4 about 80% of larvae had pupated. Then, vials were removed from hypoxia and the numbers of eclosing 5 adults were counted. Adults:. 4-5 days post-eclosion, mated female adults were placed in placed into hypoxia (1% oxygen) 8 for 24 hours in cohorts of 20 flies per vial. Then, vials were removed from hypoxia and the flies were 9 allowed to recover for 48 hours before the number of dead flies were counted. Glucose, glycogen, trehalose and TAG assays 16 Adult female Drosophila were either exposed to hypoxia (1% oxygen) for 16 hours or maintained in 17 normoxia and then frozen on dry ice. Colorimetric assays for each of the metabolites were then 18 conducted using the methods described in detail in (Tennessen et al., 2014) . SantaCruz Biotechnology (sc-2030, 2005, 2020) . For experiments looking at Akt phosphorylation, total 32 Akt levels were used as a loading control because the level of this protein was unaffected by hypoxia.
Statistical analyses
Slack, C., Giannakou, M.E., Foley, A., Goss, M., and Partridge, L. (2011). dFOXO-independent effects 23 of reduced insulin-like signaling in Drosophila. Aging Cell 10, 735-748. Adult control (w 1118 ) or foxo mutant (foxo Δ 94 ) flies were exposed to either, B) 24 hours of 1% O 2 or C) 6 18 hours of 0% O 2 , before being returned to normoxia. The percentage of viable flies was then counted. Figure S3 . relish is induced by FOXO in hypoxic larvae. Expression levels of (A) relish or (B) 17 attacin A mRNA in w 1118 and foxo Δ 94 larvae exposed to 5% O 2 for 6 hours. Data represent mean + SEM, 18 N=10, *p<0.05, 2-way ANOVA followed by students t-test. ) and foxo mutant (foxo Δ94 ) animals were exposed to hypoxia ( 5% O 2 ) throughout their larval period, before being returned to normoxia as pupae. The percentage of flies that eclosed as viable adults were then counted. (B,C) Adult control (w 1118 ) or foxo mutant (foxo Δ94 ) flies were exposed to either, B) 24 hours of 1% O 2 or C) 6 hours of 0% O 2 , before being returned to normoxia. The percentage of viable flies was then counted. Data represent mean + SEM. *p<0.05, students t-test. N>4 cohorts of animals per condition. (D-F) Relative levels of free glucose (D), glycogen (E), or trehalose (F), in adult control (w 1118 ) and foxo mutant (foxo Δ94 ) flies exposed to normoxia or 1% O 2 hypoxia for 16 hours. n=15. Data represents mean + SEM. *p<0.05, students t-test. (G) Ldh mRNA levels measured by qRT-PCR in control (w 1118 ) and foxo mutant (foxo Δ94 ) following 16 hours of 1% O 2 hypoxia in adults. Data represent mean + SEM. * p,0.05, two-way ANOVA followed by post-hoc t-test. N>10. and sima mutant (sima 07607 ) larvae exposed to either normoxia or 5% O 2 hypoxia for 2 hours. Scale bar is 25 µm.
(B,C) Western blot analysis of phosphorylated T342 and S505 Akt, and total Akt in control (w 1118 ) larvae following 2 hours of normoxia (N) or 5% O 2 hypoxia. Quantification of blots (relative phospho-Akt intensity/total Akt intensity) is shown in (D). N=4 per condition. *p<0.05, students t-test. (D) FOXO staining in UAS-dp110 overexpressing fat body clones (GFP positive). Nuclei are stained with Hoechst dye (blue). Scale bar is 50 µm. 
